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In this work, we experimentally showed that the spontaneous segregation of MgO as surface excess in
MgO doped SnO2 nanoparticles plays an important role in the system’s energetics and stability. Using X-
ray ﬂuorescence in specially treated samples, we quantitatively determined the fraction of MgO forming
surface excess when doping SnO2 with several different concentrations and established a relationship
between this amount and the surface energyof thenanoparticles using theGibbs approach.Weconcludedvailable online 13 December 2010
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that the amount of Mg ions on the surface was directly related to the nanoparticles total free energy, in
a sense that the dopant will always spontaneously distribute itself to minimize it if enough diffusion
is provided. Because we were dealing with nanosized particles, the effect of MgO on the surface was
particularly important and has a direct effect on the equilibrium particle size (nanoparticle stability),
such that the lower the surface energy is, the smaller the particle sizes are, evidencing and quantifying
of usgO
opant
the thermodynamic basis
. Introduction
Nanoparticles have been the subject of great scientiﬁc and tech-
ological interest due to their outstanding properties and potential
pplications in several domains, often different from those of par-
nt bulkmaterials.Most of the nanoscale features can be attributed
o the fact that a large fraction of particle volume is within the
interface region”, that is, a few nanometers or less from the inter-
ace itself [1,2]. Thus, nanoparticles will be strongly inﬂuenced
y the interface features, such as composition [3], structure [4],
tress [5,6] and, fundamentally, energetics [1,7–10]. This has been
eported to be responsible for changes in the relative polymorphic
tability in the nanoscale, leading to the redraw of phase diagrams
or several pure oxides considering the interface term [11–15].
owever, the presence of a large interface area also affects the
istribution of dopants in nanomaterials and solubility diagrams.
or instance, when a dopant is introduced in a system to tune any
hemical or physical property, it may diffuse into lattice as a solid
∗ Corresponding author. Tel.: +55 11 3091 5238; fax: +55 11 3091 5243.
E-mail address: dgouvea@usp.br (D. Gouvêa).
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solution, nucleate a second phase or migrate to the interface of the
particle. The effect of the last can usually be safely neglected in
the thermodynamics description of microsized particles, but has
an important and non-negligible contribution when dealing with
nanosizes. This is because when a dopant goes to the surface, the
consequent reduction on the surface energy can be predicted by
Gibbs [16] (Eq. (1)):
2 = −
d
RTd ln c2
(1)
where  2 is the surface excess (molm−2) in a two components sys-
tem,  is the surface energy (Jm−2), R is the gas universal constant,
T is the temperature, and c2 is the solubility of the component. Since
the surface energy  is multiplied by the surface area when calcu-
lating the total free energy, any surface excess will inﬂuence the
thermodynamics of nanosystems.
In fact, one should expect that a certain amount of a generic
Open access under the Elsevier OA license.dopant will be distributed in a nanoparticle such that the total free
energy is minimized (limited by kinetics), and this means that it is
possible to have a fraction of it as a bulk solid solution and a fraction
as surface excess. If this is the case, the system may exhibit a differ-
ent stability from that expected fromphase diagrams. For example,
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his phenomenon observed when doping -alumina phase with
g [3], and the result is a bulk enthalpy decrease with also a sur-
ace energy decrease, thermodynamically stabilizing the -Al2O3
anoparticles with relation to the corundum structure. This phe-
omenon can be also observed in other systems, such as ZrO2 [6],
iO2 [17] and SnO2 [18,19].
In this paper we studied tin oxide doped with magnesium
nd experimentally showed that the fraction of the dopant that
orms surface excess is directly related to the stability of nanopar-
icles on a thermodynamic basis. We show that the system will
lways evolve (particle coalescence) to a metastable particle size
etermined by an equilibrium amount of dopant on the surface,
uggesting that the dopant can be used as a tool to thermodynam-
cally control the stability of SnO2 nanoparticles.
SnO2 is a n-type semiconductor widely used for technical appli-
ations, and can be considered as a good model to study the effect
f surface excess on nanoparticles stability due to its high sta-
ility (rutile phase stable up to 1300 ◦C [20]), even when highly
oped, and synthesis easiness. Studies concerning SnO2 based
anoparticles obtained by chemical route and doped with a vast
ariety of ions [18,21–29] have shown that surface excess is a con-
tant in this material, and some surface related properties, such as
peciﬁc surface area, sintering, and physical–chemical properties
ike isoelectric point and electronic properties were dramatically
hanged as a consequence of the segregation of dopants on the
urface.
The quantiﬁcation of the amount of dopant segregated on the
urface is of prime importance in understanding the role of sur-
ace energetics in the nanostructure evolution. Most of reliable
uantitative studies concerning segregation are based on X-ray
hotoelectron spectroscopy (XPS) or Auger electron spectroscopy
AES) [17,21,30]. These data allow the calculation of the free energy
f segregation, which can be used to predict the driving force for
egregation and indirectly the total energy contribution to the sta-
ility of the system. In this work we used a chemical procedure
here we washed off the ions from the surface to quantify to sur-
ace segregated amount and isolate the surface excess effect on the
anoparticle stability. That is, Mg has been reported to change the
urface properties of SnO2 even at very low concentrations (0.5%)
ue to surface segregation, and promoted the stability of high sur-
ace areas [31]. Since MgO is soluble at pH lower than 7 [32] and
nO2 shows very low solubility in acid or basic condition [33], this
ystem (SnO2–MgO) is particularly interesting since it offers the
ossibility of washing off Mg ions from the surface of SnO2 (if it
s a surface excess) using a chemical route, allowing quantitative
nalysis of surface excess. The surface excess quantiﬁcation was
hen correlated with nanoparticles stability by confronting data
ith microstructure analysis such as speciﬁc surface area, crystal-
ite size, lattice strain, and TEM.
. Experimental
.1. Synthesis
(SnO2)1−X–(MgO)X nanoparticles range from 0.0000≤X≤
.4000 were synthesized by a liquid precursor method based
n Pechini’s Method [34]. The liquid precursor guarantees high
omogeneity of additives distribution, and with appropriate heat
reatment, an equilibrium state for the composition is obtained.
he process can be described as follows [19]: (a) tin cit-
ate – Sn2(C6O7H4)·H2O – was prepared by precipitation from
nCl2·2H2O (2N, purchased from Synth, Analytical Grade) and
H4OH (2N, Synth, A.G.) solutions at pH=3. (b) The obtained white
owder was ﬁltered and dried at 70 ◦C. (c) The polymeric precur-
or was prepared by mixing ethylene glycol (Synth, A.G.) 20.6wt%,ience 257 (2011) 4219–4226
citric acid (Synth, A.G.) 47.7wt%, and tin citrate 31.7wt%. Con-
centrated HNO3 (Synth, A.G.) solution was added to promote the
solubilization of the tin citrate. (d) Polysteriﬁcation was promoted
by heating up the solution to 190 ◦C±10 ◦C. (e) Finally, the obtained
resin was thermally decomposed [35]. In the thermal decomposi-
tion, the liquid precursorwas ﬁrst treated at 450 ◦C for 4h and, after
a desaglomerationof theobtainedpowder; itwas treated for 15hat
500 ◦C to guarantee particle size stabilization and thermodynamic
equilibrium of the distribution of the dopants. The additive MgCO3
(Synth, A.G.) was added directly in the liquid precursor before the
thermal treatment to form a clear solution.
2.2. Characterization techniques
X-ray diffraction patterns (XRD) were collected using a Bruker
AXS instrument (model D8 Advance, Cu K radiation, =1.5418 A˚)
to determine the crystallographic phases and to measure the
microstructural effects (size and/or strain) of the crystallites. It
is known that broadening of diffraction lines occurs for two
main reasons: instrumental effects and physical origins. The
latter can be roughly divided into diffraction-order indepen-
dent (size) and diffraction-order-dependent (strain) broadening
in reciprocal space. In this paper, we used a simpliﬁed integral
breadth method that assumes pseudo-Voigt function (i.e. is a
mixing between simple Gaussian and Lorentzian functions) for
a size- and/or strain-broadened proﬁle. Thus, the construction
of Halder–Wagner–Langford plots [36] was undertaken using a
standard, taking care of the instrumental broadening effects (the
StandardReferenceMaterial SRM660aLaB6 fromtheNational Insti-
tute of Standards, NIST, was used to account for the diffractometer
broadening). As reviewed by Langford [37] considering a Voigt [38]
proﬁle, the integral breadth is related to the size D and/or strain ε
through the relation:
(
ˇ∗
d∗
)2
= D−1 ˇ∗
(d∗)2
+
(
ε
2
)2
(2)
where ˇ* =ˇ cos / and d* = 2ˇ sin / [39]. Therefore, the inter-
cept of the plot (ˇ*/d*)2 versus ˇ*/(d*)2 gives the mean value of the
lattice strain ε, and the slope gives the mean apparent size D.
The Raman spectra were obtained using 647.1nm exciting
wavelength from a Spectra Physics Kr+ ion laser. The scattered
light was analyzed with an XY Raman Dilor spectrometer equipped
with an optical multichannel charge coupled device liquid nitro-
gen cooled detector. The spectral resolution was ∼0.5 cm−1 in the
125–1300 cm−1 required range. All spectra were recorded at room
temperature in air. Surface analyses were performed using the
VG ESCALAB 220XL spectrometer. Al K non-monochromatized
line (1486.6 eV) was used for excitation with a 300W-applied
power. Binding energies were referenced to the Sn3d5/2 core level
(486.6 eV) of SnO2 and to the Mg1s core level (1304eV) of MgO.
These references were consistent over the whole MgO–SnO2 range
within 0.2 eV and with C1s line (285eV) of the adventitious car-
bon contamination. The analyzer was operated in a constant pass
energy mode (40eV), resolution 0.1 eV, and 50ms dwell time. The
vacuum level during the experiment was <1×10−7 Pa. The pow-
ders were pressed as thin pellet onto indium foil. Experimental
quantiﬁcation was obtained using the Eclipse software provided
by ThermoVG Scientiﬁc.
The speciﬁc surface area (SSA) measurements were performed
with a Gemini III 2375 surface area analyzer (Micromeritics, Nor-
folk, MA, USA). The powders were treated at 200 ◦C for 4h under
vacuum (>1×10−5 mmHg) before each analysis to decrease the
effect of physisorbed water that could decrease the measured area.
The measurements were carried out using N2 as absorbent and
using 5 points to use the BET (Brunauer–Emmett–Teller) approach.
ace Science 257 (2011) 4219–4226 4221
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Fig. 1. (a) X-ray diffractions patterns for non-washed (SnO2)1−X–(MgO)X nanopow-
derswithX ranging from0.000 to 0.400. All observedpeaks canbe attributed to SnO2
tetragonal phase (JCPDF 41-1445). (b) X-ray diffraction patterns for the respective
washed (with nitric acid) nanopowders.
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were observed. This is consistent with XRD patterns and crystallite
size for this same composition (Table 1).
The decreasing particle size with increasing MgO content can
be understood based on surface segregation of MgO on SnO2 [25],
leading to a surface energy decrease and consequent equilibrium
Table 1
Crystallite size obtained from Halder–Wagner–Langford approach for
(SnO2)1−X–(MgO)X nanopowders with 0.000≤X≤0.400. Data for both before
and after washing (with nitric acid) samples are shown as indicated.
X DDRX DDRX
Before washing (nm) After washing (nm)
0.000 9.4 9.4
0.010 7.6 7.6D. Gouvêa et al. / Applied Surf
he sample mass was always higher than 0.5 g to ensure lower
ncertainties.
Quantitative chemical analyses were carried out by X-ray
uorescence spectrometry (XRF) on a MagixPro – PANalytical
nstrument. A mass ratio of 1:7 (sample:spectromelt A10 – Merck)
as put in a platinum crucible and heated at 1100 ◦C to form a
omogeneous glass. TEM images were acquired in a JEM 3010 URP
icroscope using 300keV (0.17nm resolution).
.3. Washing methodology
SnO2 based powders were washed using a HNO3 1N solution.
he washing procedure was performed by introducing 1g of pow-
er into50mLof theacid solutionandstirringwithmagnetic bar for
2h. After this, the dispersion was decanted and the supernatant
as depressed. The process was repeated twice with acid solution
nd three times with distillated water to remove acid excess. The
owders were dried at 120 ◦C for 24h.
.4. Surface excess quantiﬁcation
Surface excesses were quantiﬁed by comparing the chemi-
al composition of the samples before and after the washing
rocedures detailed above. That is, since magnesium oxide
as high solubility and fast dissolution rate at low pH values
0.034molm−2 h−1) [32] and SnO2 shows very low solubility [36],
ne may expect that the Mg ions located on the surfaces of the
anoparticles and immediately in contact with the acid solution
an be selectively dissolved. This is becauseMg2+ ions in bulk solid-
olution are inaccessible by the acid nitric solution and, moreover,
ince Mg2+ has low diffusion coefﬁcient in the SnO2 crystalline
tructureat roomtemperature, it isunlikely that itwouldmigrate to
he surface. Therefore, the difference of relative composition deter-
ined by XRF (Mg to Sn intensities) will provide the amount of Mg
egregated on the surface during the powder preparation. To allow
eliable quantitative data, a calibration curvewas derived using the
atio of XRF intensities from samples of known concentrations of
g and SnO2. This calibration curve was used to determine the
omposition of the washed samples.
. Results and discussion
.1. Characterization of the as-prepared nanoparticles
Fig. 1a shows XRD patterns for (SnO2)1−X–(MgO)X nanoparti-
les with X ranging from 0.0000 to 0.4000. Only SnO2 tetragonal
utile phase was detected for all samples and a clear broadening
f the reﬂection peaks was detected with increasing MgO content.
o discriminate between size and strain effects on the global X-
ay broadening, Halder-Wagner–Langford (HWL) plots were used
Fig. 2). One observes that for MgO concentration varying from
.0000 to0.4000 the interceptionof (ˇ*/d*)2 versusˇ*/d*2 is close to
ero, indicating that themean lattice strain effect of these nanopar-
icles can be neglected for these concentrations. In a ﬁrst approach,
nly sizeeffects are responsible for thebroadeningsofX-raydiffrac-
ion lines, and onemay conclude that there is a systematic decrease
n theparticle size as a functionofMgOcontent. The crystallite sizes
btained from HWL approach are shown in Table 1.
Fig. 3 shows the speciﬁc surface area, SSA, for (SnO2)1−X–(MgO)X
anoparticles. Consistently with the observed crystallite size data
nd previous reports [19,31], SSA increases as a function of
gO content. To conﬁrm that the SSA increase is only related
o the particle size decrease and not to surface roughness or
nisotropic effects, TEM was conducted to study the particles
orphology. Fig. 4a shows representative TEM images of the as
repared (SnO2)0.9–(MgO)0.1 sample. MgO second phases were notFig. 2. Halder–Wagner–Langford plots of (SnO2)1−X–(MgO)X nanopowders non-
washed with different X values. The intercept of the plot gives the mean lattice
strain while the slope gives the mean apparent size.
observed and relatively isotropic particles with less than 10nm0.050 5.4 5.2
0.100 4.5 4.5
0.200 3.8 3.8
0.300 3.1 3.0
0.400 2.3 2.2
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Table 2
XPS signal ratio for (SnO2)0.6–MgO)0.4 nanoparticles showing relative amount of Mg
on the surface. Data for non-washed, washed, and washed-reheated are reported.
The crystallite size from by XRD was also presented.
X=0.40 (Mg(1s)/Mg(1s) + Sn(3d5)) Crystallite size
(nm)
Non-washed 0.38 2.3
Washed Traces of Mg 2.2
Washed and reheated 500 ◦C 0.01 3.7
F
pX
ig. 3. Speciﬁc surface area of washed (with nitric acid) and non-washed
SnO2)1−X–(MgO)X nanopowders as a function of MgO molar fraction (X).
article size decrease. That is, if one considers that the particles
row through Ostwald ripening [19] following the equation:
n + dn0 =
3DMc0
4RT
t (3)
here c0 is theequilibriumsolubility,d is theparticle radius,D is the
iffusion coefﬁcient,  is the surface energy and thematerial den-
ity. T is the temperature andn is a kinetic factor. Thus, the variables
hat may be modiﬁed by a dopant are the diffusion coefﬁcient and
he surface energy. If the dopant increases diffusion by generation
f vacancies for charge compensation (as Mg2+ in SnO2), particle
rowth would be favorable, and vice versa. On the other hand, if
he surface energy decreases (because of surface excess) while the
ulk energy is constant, the particle size decreases in order to raise
he ratio between surface energy and bulk volume energy.
To evaluate surface excess of MgO in the SnO2 nanoparticles,
aman spectra of the samples containing different amounts of
gO are shown in Fig. 5a. The three detectable Raman active
odes of bulk tin oxide are observed in all SnO2 based samples:
g (475 cm−1), A1g (633 cm−1), and B2g (778 cm−1). The broad peak
entered at 582 cm−1 can be associatedwith surfacemodes of Sn–O
tretching vibration [34]. Magnesium oxide with face-centered
ig. 4. TEM of (SnO2)1−X–(MgO)X nanoparticles with X=0.10 before washing with nitric
articles are observed. A signiﬁcant difference between the samples could not be detecteWashed and reheated 800 ◦C 0.17 8.1
cubic structure is not detectable by Raman scattering. However,
the spectrum for X=1 (pureMgOnanoparticles) in Fig. 5a exhibits a
well-deﬁned band at 1157 cm−1. Since theX-ray diffraction pattern
conﬁrms exclusively the presence of the cubic phase (Fig. 6) for this
sample, this signal suggests a change in the environment around
magnesium ions at the surface of the nanoparticles. Hanchen
et al. [40] reported the Raman spectrum of Mg5(CO3)4(OH)2.4H2O
(hydromagnesite) with a characteristic band at 1119 cm−1. There-
fore, the pronounced band at 1157 cm−1 may be attributed to the
formation of a hydromagnesite-like structure at the surface, prob-
ably as a consequence of interactions with H2O and CO2 molecules
present in the atmosphere during synthesis. However, this could
also be attributed to different surface crystallographic structures
due to the nanosizes and will be addressed in a future work.
The similar band at 1111 cm−1 observed for all SnO2 compo-
sitions is therefore the ﬁngerprint of the magnesium presence at
the surface of SnO2. Note that the intense X-ray diffraction peak
of hydromagnesite at 2 =30.8◦ was not detected in any sample
(Fig. 1a), conﬁrming the absence of second phases and suggesting
that magnesium should be located on the surface of SnO2 nanopar-
ticles.
The surface excess of MgO can also be conﬁrmed using XPS, as
shown in Table 2 in the representative sample X=0.4000. A clear
segregation ofMgOonto SnO2 particles is observedwhen analyzing
the Mg1s signal. That is, the atomic Mg1s/Sn3d ratio is particularly
representative of Mg ions dispersion in the uppermost surface lay-
ers, whereas Mg2s/Sn3d can be attributed to inner dispersion (bulk
solid solution). The main information from the presented data is
the higher values for Mg1s/Sn3d when compared to Mg2s/Sn3d, sug-
gesting surface excess of Mg. Moreover the nMg1s/nMg2s ratio also
shows that the surface Mg enrichment since substantially different
from the bulk MgO signal.
acid (a) and after the washing procedure (b). Relatively isotropic and nanosized
d.
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3.3. Discussion on surface excess and nanostructure
With the surface excess data, it is possible to determine the free
energy of segregation ofMg in SnO2. From the Langmuir adsorptionig. 5. (a) Raman spectroscopy data for non-washed (SnO2)1−X–(MgO)X samples for
ould be detected at 1157 cm−1. This peak is observed for all SnO2 doped samples
bserved, but NO3− residual from washing procedure is detected.
.2. Surface excess quantiﬁcation
In this section we will focus on the quantiﬁcation of the amount
f Mg2+ that is indeed on the surface of each SnO2 sample by wash-
ng off themagnesium ions from the samples using an acidwashing
rocess described in Section 2. TheXRDpatterns of allwashed sam-
les didnot conﬁrmany signiﬁcant difference fromtheas-prepared
amples and are shown in Fig. 1b. TEM images did not demonstrate
igniﬁcant changes either and is shown in Fig. 4b for the sample
ith X=0.1000. The crystallite sizes estimated from XRD patterns
re shown in Table 1 and conﬁrm no signiﬁcant change when com-
ared to the non-washed samples, even for higher concentrations
f MgO (X=0.4000).
Fig. 3 shows the SSA for (SnO2)1−X–(MgO)X nanopowders with
ranging from 0.0000 to 0.4000 after washing. When comparing
ith the non-washed samples, one observes that the SSA are simi-
ar for samples with MgO content lower than X=0.1000. For higher
oncentrations of MgO, SSA is slightly higher for the washed sam-
les. This can be attributed to the elimination of the MgO “coating”
rom the surfacewith consequent increase in the surface roughness
ue to defects created by Mg atoms removal.
The chemical compositions of washed and non-washed sam-
les determined by XRF are shown in Fig. 6. A linear relationship
as observed between the ratios of intensity of magnesium to tin
ignals (IMg/ISn) as a function of the nominal concentration for the
on-washed samples (as-prepared). The linear behavior suggests
ood coherence between the measured Mg amounts and the nom-
nal values up to 0.1000 of MgO and was used as a calibration curve
o determine the concentration of Mg in the washed samples. That
s, afterwashing innitric acid solution, a signiﬁcantdecreaseofMgO
ignal was detected in all powders, revealing that the Mg removal
rocedure was successful. The calibration curve thus allows us to
alculate the quantity of Mg2+ that was on the surface and, by the
ifference with the total initial MgO amount, the concentration of
g2+ into solid solution. Note that despite the linear behavior in
he calibration curve is only up to X=0.1000, since the measured
ntensities in the washed samples are always within this range the
erived surface excess data is reliable.A plot showing the fraction of Mg2+ located on the surface or in
olid solution is shown in Fig. 7. For sampleswith lowMgO concen-
rations the amount of Mg2+ into inner dispersion (solid solution)
s high, but the ratio bulk/surface decreases as the amount of MgO
ncreases. For instance, for X=0.0020, about 96.6% of total MgO isal X values. (b) Spectra for the washed (SnO2)1−X–(MgO)X samples. Surface Mg ions
displacement with increasing MgO content. After washing, the peak is no longer
into inner dispersion while for X=0.1000 the majority of MgO is
on the surface (64.5%). Solubility limit for MgO on SnO2 could be
estimated around X=0.0500.
These results are consistent with the Raman spectra of the
washed samples displayed in Fig. 5b, revealing the absence of the
1111 cm−1 line (related to the surface magnesium compound) and
the extra band at 558 cm−1 that can be attributed to surface tin
oxide [41]. The lineat1048 cm−1 observedafterwashing is assigned
to the symmetrical stretchingmotion of NO3− ions adsorbed on the
surface during nitric acid washing. XPS spectroscopy also conﬁrms
the efﬁciency of the washing procedure for the sample containing
X=0.4000 (Table 2), where only traces of Mg1s/Sn3d were detected
in the washed sample.Fig. 6. Relative XRF intensity signals for Mg and Sn atoms (IMg/ISn) for the
washed and non-washed (SnO2)1−X–(MgO)X nanopowders, with 0.000≤X≤0.400.
Mg depletion is observed after washing.
4224 D. Gouvêa et al. / Applied Surface Science 257 (2011) 4219–4226
F
o
i
t
w
l
i
o
w
(
f
o
c
d
w
t
t
F
a
Table 3
Speciﬁc surface area (SSA) of (SnO2)1−X–(MgO)X samples. X values are shown for the
nanopowders before and after the acid washing. SSA data are shown for samples
after washing and after reheating at 500 ◦C for 15h. SSA is observed to change since
the Mg concentration on the surface is changed.
X X SSA [m2 g−1] SSA [m2 g−1]
Before washing After washing After washing After reheating at 500 ◦C
0.0020 0.0019 31.5 28.8
0.0050 0.0047 33.8 30.9ig. 7. Calculatedpercentageof totalMgO that is located in thebulkor on the surface
f the SnO2 nanoparticles.
sotherm we receive the following relation between the bulk and
he surface composition (Xb and Xs, respectively):
Xs
(1 − Xs) =
Xb
(1 − Xb) exp
(
−Gseg
RT
)
(4)
here Gseg is the free energy of segregation. Fig. 8 shows a plot of
n(Xs/(1−Xs)) as a function of ln(Xb/(1−Xb)) for the several stud-
ed compositions. From the slope we may calculate the free energy
f segregation as −19.9±3.8 kJmol−1. This energy is consistent
ith those reported for segregation of Sb (−30kJmol−1) and In
−15kJmol−1) in SnO2 using quantiﬁcation via XPS analysis [21].
Since in nanoparticles the surface atoms account for a larger
raction of the total volume, we may expect a considerable effect
f this segregation energy to the system. In fact, one may observe a
lear dependence between the SSA of the samples (Fig. 3) and the
istribution of Mg ions on the particle (Fig. 7). It is observed that
hen the majority of the Mg2+ is dispersed in the lattice of SnO2,
he surface area of the particles is relatively low, but it increases as
he amount of Mg2+ on the surface increases (decreasing particle
ig. 8. Surface excess plotted as a function of bulk doping level at constant temper-
ture (500 ◦C) for several compositions.0.0100 0.0087 41.2 37.8
0.0300 0.0191 48.7 44.8
0.0500 0.0262 52.6 55.4
size). Since this phenomenon could not be explained based on the
generation of defects (as discussed previously considering Eq. (2)),
we focus on a thermodynamic role of MgO in the stability of the
SnO2 nanoparticles.
The quantitative effect of MgO in the surface energy can be
derived by integration of Eq. (1) to calculate the variation of surface
energy by the relationship:
 = −Mg2+RT ln(cMg2+ ) (5)
whereMg2+ is themolar concentrationper squaremeter and cMg2+
is the solubility of MgO in SnO2 bulk. These last two quantities can
be determined by the chemical analysis after and before the acid
washing (Table 3), allowing a unique calculation of 	 for all sam-
ples (Fig. 9). Considering that the surface energy of pure SnO2 is
about 1.5 Jm−2 [42], the surface energy of the all doped samples
can easily be calculated. It is observed that the surface energy is
decreased by about 0.25 Jm−2 for the sample containing 0.4000
MgO. If this sample has a surface area of 125m2 g−1, a decrease
of 4.7 kJmol−1 can be estimated in the total free energy. This con-
siderably high-energy difference between doped and non-doped
samples is believed to be the main cause of the relatively stability
of the doped nanoparticles.
Since thedopanthas this considerablyeffect on the surfaceener-
getics and Mg has a negative free energy of segregation, one may
naturally expect that MgO has a thermodynamic driving force to
self-distribute in the sample such that a maximum lowering in the
free energy is observed. If this is true, therewill be always anunique
solution for the way a certain amount of dopant is distributed in
a nanoparticle, that correspond to a minimum local energy. This
has been referenced as the enrichment factor (f=Xs/Xb) described
in the theory of segregation in solids [30] and is a characteristic
quantity of a speciﬁc composition. To show the enrichment factor
Fig. 9. Surface energy variation calculated using Gibbs equation and considering
the quantiﬁed surface excess and bulk solubility of MgO in SnO2 nanoparticles. An
accentuated decrease in the surface energy is observed, that can be associated with
an increasing nanostability.
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overns the distribution of dopants in SnO2 nanoparticles, we took
he washed samples (with decreased MgO amounts) and retreated
t same synthesis temperature to give enough diffusion to allow
he redistribution of the magnesium ions in the sample. That is,
fter washing, the samples had little magnesium on the surface
ut a magnesium content remaining in solid solution (not reached
y the acid washing). Table 3 shows the amounts of MgO remain-
ng on the samples. If a unique solution for the distribution of the
agnesium ions exists for each composition, the dopant will be
edistributed such that the amount of Mg2+ on the surface will be
imilar to that of a sample with the same initial nominal concen-
ration of MgO. Moreover, the nanoparticle will evolve to a larger
ize, since the amount of Mg stabilizing the surface is decreased.
or instance, from Table 2, we observed that for the sample con-
aining X=0.4000 only traces of Mg could be detected by XPS after
ashing with nitric acid. However, after a reheating at 800 ◦C, the
amesample showedaconsiderable increase in theamountofMg2+
n the surface and a larger crystallite size (8.1nm), supporting
he redistribution hypothesis. We conducted a similar procedure
or all washed samples and observed that the surface area of the
owders decreased after the retreating. Moreover, the ﬁnal SSA
ould be predicted by observing the SSA of a sample initially syn-
hesized with the same concentration (as the sample considered
fter washing) in Fig. 3. For example, consider a sample with ini-
ial MgO concentration of X=0.0500 and SSA of 73.3m2 g−1. After
he washing procedure, MgO was washed off from the surface and
reduced to 0.027. If one reheats the sample, the remaining MgO
ill redistribute in the nanoparticlewhile particles grow to achieve
new metastable state. This new state was observed to have a
SA of 55.4m2 g−1. This area is very consistent with that predicted
y Fig. 3 for a sample initially synthesized with X=0.0300 (non-
ashed). These results show that the enrichment factor will not
nly provoke a redistribution of the dopants, but force a nanos-
ructure change to promote the lowest possible energy state for
he system. These observations also indicates that the residual
itrate species adsorbed on the surface after washing (as observed
n Raman spectra) do not signiﬁcantly affect the surface energy as
ne could expect.
. Conclusions
MgO was observed to form surface excess in (SnO2)1−X–(MgO)X
anoparticles. We were able to quantify for the ﬁrst time the
mount of MgO that was segregated on the surface by comparing
he composition of samples before and after washing off surface
g ions using a chemical procedure. The amount of Mg ions on the
urface was discussed to be related to the nanoparticles energet-
cs and also to the nanoparticles size. That is, the total free energy
f the SnO2 nanoparticles is very dependent on the segregation
f dopants, such that the distribution of dopants may even affect
he particle sizes to allow a minimum energy in the nanoparticles.
his interdependency must be considered in the discussion of any
anostability and can be used to predict and control nanoparticle
izes as a function of composition.
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